Cruciate ligament and Achilles tendon graft elongation were studied using two methods of posterior cruciate ligament (PCL) reconstruction, a "Tibial Tunnel" and a "Tibial Inlay". Under cyclic loading simulating an anterior drawer technique, elongations were recorded using an radially deflecting displacement transducer. The resulting periodic data was subjected to a Fourier analysis and comparisons between the anterior cruciate ligament and Achilles tendon graft elongations were examined for each surgical reconstruction. Spectral signatures revealed a more anatomic reconstruction resulted from the Tibial Inlay reconstruction as compared to the Tibial Tunnel reconstruction.
Introduction
Measurement of local ligamentous response to total joint loading has been difficult. Traditional approaches to this problem have involved barbed transducers. 1, 2) One limitation with these studies is that the installation of the measurement device compromises the ligament integrity. The authors have developed a new transducer, ACUSPAN TM , which permits implantation without perforation of the underlying tissue. In this study, displacement transducers were placed on the midsubstance of the anterior cruciate ligament (ACL) and at two locations along an Achilles tendon graft used to reconstruct the posterior cruciate ligament (PCL). Two methods of PCL reconstruction, a "Tibial Tunnel" and a "Tibial Inlay", were studied under cyclic loading using an anterior drawer method. The changes in elongation of the ligamentous structures were measured and compared for each reconstruction procedure.
The investigators employed a Fourier analysis technique to examine the spectral signature of each ligament location associated with each reconstruction. Fourier analyses have been employed in studies investigating human gait patterns. 3, 4) Studies involving this technique for the investigation of tissue response under cyclic motion are less common. 5, 6) It has been shown that in the spectral magnitudes are related to the joint motion. 7, 8) To date, no direct measurement of ligamentous elongation under repetitive cyclic loading has been reported. Further, the cyclic nature of the data would pre-dispose itself to treatment via a Fourier analysis in order to discern differences between reconstruction techniques. The use of surface mounted transducers utilized in this study provide sufficient temporal and spatial resolution to permit the application of Fourier analysis.
The goal of this study was to examine the relationships between various locations within the graft material when employed in difference surgical reconstructions. Further, the unaltered anterior cruciate ligament was utilized as a basis for comparison in an attempt to elucidate the inter-ligament redistribution of overall knee elongation due to surgical reconstruction. Since the orientation of the graft fixation and graft path are different between the two reconstructions, it is hypothesized that the average spectral signatures for the two reconstructions will differ significantly. It is anticipated that the Tibial Inlay reconstruction will display an overall decreased spectral signature due to a more anatomic placement with respect to the Tibial Tunnel technique.
Materials and Methods
Seven human matched pair cadaveric knees with an average age of 47 years (range 41-57 years) were mounted in a custom six-degree of adjustability fixture which did not constrain the knee during testing (Fig. 1) . A materials testing machine (858 Bionix, Eden Prairie, MN) provided sequential anteriorposterior (AP) loading cycles of 100 N at 1 mm/s while total AP translation and ligamentous elongation was measured during each cycle at 50 Hz. The testing was conducted at 90
• of flexion in neutral tibial rotation. A 40 N anterior ACL load was applied at the initialization of each test sequence. This reference position was then selected as the starting point for the test sequence and was reproduced for each specimen Each knee served as its own control with the Tibial Inlay and Tibial Tunnel reconstruction randomly assigned within each matched pair.
Unlike previous studies where ligament elongation was measured with moving shaft transducers equipped with barbed posts for implantation, the authors utilized ACUSPAN TM (Department of Biomedical Engineering, The Cleveland Clinic Foundation, Cleveland, OH) transducers. These transducers do not possess moving parts, can be mounted to the ligament surface with adhesive and require relatively inexpensive equipment for general calibration (Fig. 2) . Unlike other displacement transducers, should the ACUSPAN TM transducer become permanently deformed due to over excursion or compression, recalibration would permit continued use of the transducer. The current device is of small geometry, typically 8-12 mm in overall length and 4-6 mm in total height, and comes in either a circular or square configuration. This facilitates placement of the device in confined areas as well as surface mounting of the device. The small mass of the device (less than 0.3 grams) makes it ideal for dynamic applications. Figure 3 illustrates the device output voltage of the current ACUSPAN TM transducer for an applied micrometer displacement. Currently, 1 micron resolutions are possible. Increasing the number of digits displayed and calibrating with more sensitive equipment could push the resolution below 1 micron. The linearity (R 2 > 0.999) of the device is excellent to 300 microns or 10% of the span. The surgical reconstructions are illustrated in Figs. 5A and B. In both groups, an 8 mm femoral tunnel was made that entered the knee in the distal anterior footprint of the native PCL in the region of the isometric point. The bone tunnel was made using a drill and a PCL femoral drill guide. In both groups, the posterior capsule was opened to expose the proximal posterior tibia in order to position the gauges and excise the native PCL for the reconstruction.
In the tunnel group, a drill and the PCL tibial drill guide were used to make a Tibial Tunnel that exited the proximal posterior tibia approximately 1 cm distal to the joint line, in the center of the tibial insertion of the PCL. The tibial side of the graft was secured with a 9 mm×20 mm interference screw. In all cases, the bone plug was placed with the patellar tendon fibers positioned anteriorly, while the screw was placed in the posterior aspect of the tunnel, between the bone plug and the posterior tunnel wall.
For knees in the Inlay group a bone trough was created with osteotomes at the insertion site of the PCL on the posterior proximal tibia. The tibial side of the graft was secured flush to the posterior surface of the proximal tibia with a 4.5 mm bicortical screw with a washer and nut. This method of fixation differs slightly from that used clinically in that a 6.5 mm cancellous screw and washer are used for patients. This slight modification was necessary to achieve stability in the older osteoporotic specimens used in this study.
With respect to the Achilles tendon grafts, the tibial side of the graft was secured first, and the femoral side of the graft was tensioned to 89 N with the knee flexed 90
• . An anterior force of 156 N was applied to the proximal tibia, simulating an anterior drawer maneuver, and a 9 mm × 20 mm femoral interference screw was placed to secure the femoral side of the graft. This was reinforced with a bicortical screw post and spiked washer for additional stability. Due to the osteoporotic nature of the specimens, fixation of the grafts to the tibia and femur was augmented with polymethylmethacrylate at the bony interfaces between the graft and the bone tunnel or trough. Each knee was instrumented with ACUSPAN TM transducers located at the distal end of the PCL and 1 cm proximal to the PCL distal end (midsubstance). For the reconstructions the distal transducer was placed at the graft "killer curve" around the posterior tibia and at the corresponding site for the Tibial Inlay procedure. The transducer on the ACL was placed at the middle of the ligament.
For each knee specimen, the Fourier components were computed and power spectrum generated using a base of 1024 data points for the Fourier frequency index. The patterns associated with each reconstruction were combined to form a representative description of the spectral signature due to the Tibial Inlay and Tibial Tunnel reconstruction. 9) From these spectra, paired t-tests were applied to indicate differences in average spectral signature. While it may be argued that a point by point analysis may be appropriate, such an undertaking may reveal isolated differences in frequency response which may necessarily indicate a clinical difference in the overall efficacy of the reconstruction procedure under investigation. A more general evaluation is required in order to determine clinical efficacy based on statistical differences.
Results
For clarity, the first letter in the figures represents either the Tunnel (T or TU) or Inlay (I or IN) procedure. The spectral curves for the PCL location were designated as TU PCL or IN PCL and the location 1 cm proximal to the curve as TU PCL 1 CM or IN PCL 1 CM. Differences in the spectral curves for either type of reconstitution are designated by the term DIFF.
For the Tibial Tunnel reconstruction, a comparison of the spectral curves for the PCL curve location (TU PCL) and the PCL location 1 cm proximal to the curve (TU PCL 1 CM) revealed a statistically significant difference between the two locations (P < 0.001) (Fig. 6 ). In the case of the Tibial Inlay procedure (IN PCL), no significant differences between the spectral curves associated with the PCL locations were detected (P > 0.15) (Fig. 7) . The difference in spectral curves between the PCL curve location and the PCL location 1 cm proximal to the curve revealed a statistically significant difference between the two reconstructions (P < 0.001). The Tibial Inlay reconstruction (identified as I DIFF PCL) displayed a near zero and uniform spectral profile. In the case of the Tibial Tunnel procedure (identified as T DIFF PCL) a distinct non-zero spectral curve was displayed (Fig. 8) .
A comparison of the spectral curves for the ACL:PCL at 1 cm (identified as I ACL PCL 1 CM DIFF) and ACL:PCL curve ratios (identified as I ACL PCL DIFF) displayed no significant differences between the ratios in the case of the Tibial Inlay procedure. (P > 0.15) (Fig. 9) . A statistically significant difference between the ratios (P < 0.001) for the Tibial Tunnel reconstruction was detected (Fig. 10) . 
Discussion
As was reported in studies by Schneider and Chao 3) as well as Harris et al., 4) the dominant spectral components were confined to lower frequencies below 10 Hz plus the constant term. The static component associated with the Tibial Tunnel technique at the curve was approximately three times that displayed at the 1 cm location. In the case of the Inlay reconstruction the two sites display static components of comparable magnitude. In the Inlay reconstruction both locations of the graft are providing a homogeneous material through which the restraining force to translation is administered. In the Tibial Tunnel technique, the graft location 1 cm proximal to the curve is associated with a large static component in relation to the graft location 1 cm proximal to the curve. In order to provide an acceptable restraint to translation the graft location must undergo greater elongation and thus is displayed as a reduced static component. Noteworthy is that the sum of the static components associated with the two locations is comparable regardless of which procedure is employed.
With respect to the differences in spectral curve between the two PCL locations, the near zero levels displayed by the Inlay techniques leads to credence that both locations are jointly employed in the restoration of restraining translation. While it is understood that there will be a regional distribution of translations within the graft, the entire structure should display some degree of unified resistance to loading. Unlike the original PCL ligament, the Achilles tendon graft exhibits a more uniform and isotropic fiber pattern. Thus differences between the two locations should be minimized as compared to the native PCL. In the case of the Tibial Tunnel the large differences seen indicate a discrepancy in functionality between the two sites. The alteration in the unified load resistance would manifest itself as deviations from the zero baseline. Although the Inlay reconstruction does exhibit deviations from the ideal zero condition, these deviations are more pronounced and are statistically greater in the Tibial Tunnel procedure than those displayed using a Tibial Inlay reconstruction.
Traditionally the ACL is unloaded during PCL loading. Thus, a ratio between the ACL and either of the two PCL locations should be negative. For the most part this assumption is displayed for the Inlay reconstruction. This relationship is somewhat less evident with respect to the Tibial Tunnel technique. With respect to the Inlay reconstruction, the large positive static magnitude indicates that the PCL curve region is stagnant or displays motion while the ACL is under anterior tension. In the Inlay procedure this static component is approximately 50% of that observed for the Tunnel reconstructions. Further, unlike the Tunnel procedure the static positive component associated with the Inlay does not constitute the majority of the spectral profile.
While it is a more difficult task to relate clinical implications defined by spectral analysis, the use of this technique can be useful in establishing normative as well as pathological conditions. 3, 6, 7) Ligamentous integrity is preserved through use of the radially deflecting transducer and thus, a more physiological representation of ligament elongation is presented. It should be noted that in this study, the elongation data present is only valid for the surface of the material. Elongation within and posterior to the surface may not possess similar characteristics.
Conclusions
The use of radially deflecting transducers can be employed to measure soft tissue elongation under cyclic loading. With respect to the reconstructions, the Tibial Inlay provides more anatomic transition of the overall elongation through the graft during cyclic loading.
